Coinfection with human immunodeficiency virus type 1 (HIV-1) and opportunistic mycobacteria, especially Mycobacterium tuberculosis, is a cause of high morbidity and mortality worldwide. Both mycobacteria and HIV-1 may infect macrophages, and thus, coinfection may generate conditions that reciprocally influence the intracellular replication of the pathogens. Elucidation of the interaction between HIV-1 and mycobacteria in their common target cell is important for understanding pathogenesis in coinfected individuals. In this study, we investigated the effects of in vitro HIV-1 infection on the growth of M. tuberculosis, M. avium, and M. paratuberculosis in human peripheral blood monocyte-derived macrophages. Interestingly, HIV-1 infection induced a greater bacterial burden in coinfected cell cultures for all of the mycobacterial species tested and specifically induced accelerated growth of M. tuberculosis with a reduced mean generation time. The interaction of HIV-1 and M. tuberculosis was especially detrimental to the host cell, causing a significant synergistic reduction in macrophage viability. Also, in M. tuberculosis/HIV-1-coinfected cultures, increased levels of interleukin-1␤ (IL-1␤), IL-6, IL-8, and granulocyte-macrophage colony-stimulating factor were observed and viral replication was enhanced. Overall, the present data suggest that HIV-1 infection of macrophages may impair their ability to contain mycobacterial growth. Furthermore, coinfection with HIV-1 and M. tuberculosis seems to give rise to synergistic effects at the cellular level that mutually enhance the replication of both pathogens. This may, in part, contribute to the increased morbidity and mortality seen in coinfected individuals.
Human immunodeficiency virus type 1 (HIV-1) has caused a global pandemic, and approximately 33.4 million people were living with HIV infection by the end of 2008 (34) . HIV ϩ individuals have an increased susceptibility to a wide range of opportunistic bacterial infections (reviewed in references 2 and 25). However, infections with certain opportunistic organisms like Mycobacterium tuberculosis are of particular concern, as people in resource-poor countries are often struck disproportionately hard, with increased morbidity and mortality due to the relatively high prevalence of HIV-1 and mycobacterial coinfections and limited access to appropriate treatment.
In the clinical context of HIV-1 infection, M. tuberculosis and M. avium complex (MAC) infections are the most frequent. These mycobacteria display various propensities to cause disease. Notably, M. tuberculosis is the leading cause of death in HIV ϩ patients and a major public health concern, while MAC infections are typically seen in the later stages of HIV infection, when the adaptive immunity of the host is compromised. By current classical genetic criteria, the MAC consists of mainly two species, M. intracellulare and M. avium, and M. avium is further subdivided into three subsets, M. avium subsp. avium (here referred to as M. avium) M. avium subsp. paratuberculosis (here referred to as M. paratuberculosis), and the nonhuman pathogen M. avium subsp. silvaticum (33) . Among the MAC isolates from AIDS patients, M. avium is the most predominant, followed by M. intracellulare, while there is only one case report of M. paratuberculosis infection (27) . However, and interestingly, several studies of MAC isolates derived from AIDS patients considered to be M. avium subsp. avium indicate that a considerable proportion (25% according to Roiz et al. [28] , 58% according to Naser et al. [23] , and 73% according to Hampson et al. [11] ) carry the IS900 element or an IS900-like sequence element, which is traditionally considered a genetic hallmark of M. paratuberculosis. Hence, data suggest that clinical M. avium subsp. avium isolates, especially those derived from HIV/AIDS patients, may be even more closely related to M. avium subsp. paratuberculosis than generally acknowledged. Thus, in this study, we included M. paratuberculosis partially to explore the possible interaction with HIV-1 in macrophages which, to our knowledge, has never been examined before and partially as an avirulent control for M. tuberculosis and M. avium. In terms of clinical virulence, these mycobacteria may be viewed as representing different points on a scale where M. tuberculosis and M. paratuberculosis are two opposite polar extremes representing, respectively, highly virulent and almost avirulent mycobacteria while M. avium would be an intermediate. The ability of mycobacteria to grow within host macrophages is a critical determinant of their pathogenicity. The more virulent mycobacteria, such as M. tuberculosis, grow and survive more efficiently in host macrophages than do less virulent mycobacteria like M. paratuberculosis. As the macrophage is a target cell for both HIV-1 and mycobacteria, it is quite likely that coinfection may generate conditions that reciprocally influence the replication of the pathogens. We (14) and others (10, 13, 24) have previously shown that HIV-1 may induce increased mycobacterial growth in macrophages, whereas other studies did not find enhanced growth (6, 21) . Currently, it is not known whether HIV-1 may have an effect on bacterial growth in macrophages that is common to mycobacteria irrespective of their virulence or whether such effects may be specific to virulent mycobacterial species like M. tuberculosis. Therefore, the growth of M. tuberculosis in HIV-1-infected macrophage cultures was compared with that of M. avium and M. paratuberculosis in order to investigate whether HIV-1 has an effect on bacterial growth common to various mycobacterial species in macrophages or whether the in vitro growth might mirror the various characteristics of these mycobacteria to cause clinical disease in HIV ϩ patients.
MATERIALS AND METHODS
Mycobacterial strains. M. tuberculosis H37Rv (ATCC 27294, a kind gift from Harleen Grewal, The Gade Institute, University of Bergen, Bergen, Norway) was grown in Middlebrook 7H9 broth (Difco/Becton Dickinson) with albumin-dextrose-catalase enrichment (Difco/BD) and 0.05% Tween 80 and subsequently passed five times through a sterile syringe with a 29-gauge needle to disrupt bacterial clumps before aliquots were frozen at Ϫ80°C, and CFU counts were determined by plating on oleic acid-albumin-dextrose-catalase (OADC)-enriched Middlebrook 7H10 agar (Difco/BD). In the present study, we used frozen aliquots with predetermined CFU counts of human clinical isolates. M. avium S72/89 (serovar 4) (a kind gift from Sven Hoffner, Department of Bacteriology/TB Section, Swedish Institute for Infectious Disease Control, Solna, Sweden) was obtained from the blood of an AIDS patient, and M. paratuberculosis Linda (kindly provided by Ingrid Olsen, Department of Animal Health, National Veterinary Institute, Oslo, Norway) was from a patient with Crohn's disease.
Isolation of primary monocytes, in vitro cell differentiation, and HIV-1 infection. Buffy coats and human serum (HS) from anonymous, healthy, HIV-negative blood donors that undergo routine screening in accordance with national guidelines were obtained from the blood bank at Bergen Hospital Trust, Haukeland University Hospital, Bergen, Norway. Peripheral blood mononuclear cells (PBMC) were isolated from a total of 25 donors (5 donors for each of the five subsets of experiments) by centrifugation on a Lymphoprep (Axis-Shield PoC AS, Oslo, Norway) density gradient as previously described (18) . Blood monocytes were differentiated into monocyte-derived macrophages (MDM) by culturing total PBMC in 12-well Nunc plates at a density of 4 ϫ 10 6 cells/ml at 37°C/5% CO 2 in RPMI 1640 medium with glutamine and 20% pooled, heat-inactivated HS for 5 days. On day 5 postisolation, nonadherent cells were removed by washing three times with phosphate-buffered saline (PBS) and the adherent monolayers of monocytes were allowed to mature for an additional 2 days by further culturing in RPMI 1640 medium with glutamine and 10% HS. Seven days postisolation, half of the MDM from each donor were infected with HIV-1 strain BaL at a viral titer corresponding to 5 ng/ml p24 in cell culture medium. Cells were incubated overnight with HIV-1 at 37°C in 5% CO 2 , and the medium was changed. The cells were left undisturbed for another 7 days in order to get the HIV-1 infection established. Prior to mycobacterial infections, on day 14 postisolation, supernatants were collected from the HIV-1-infected MDM to confirm a productive HIV-1 infection.
Mycobacterial strains and infection. On day 14 postisolation, MDM either with or without HIV-1 infection were incubated overnight (16 h) at 37°C in 5% CO 2 with the specified mycobacteria at an estimated multiplicity of infection (MOI) of 5 CFU per macrophage. The CFU count used for infection was calculated on the basis of the predetermined CFU count of each frozen stock of mycobacteria. However, to asses the viability of the inocula used in each experiment, the inocula were also seeded onto 7H10 agar plates. Expressed as a percentage of the predetermined CFU count, the mean CFU count of the inoculums (range) for the respective mycobacteria were as follows: M. tuberculosis, 65% (60 to 75%); M. avium, 94% (79 to 107%); M. paratuberculosis, 67% (60 to 71%). Hence, the retrospective corrected mean estimated MOIs of the mycobacteria were 3.3, 4.7, and 3.4 CFU per macrophage, respectively. On the next day, the cells were washed three times with PBS to remove any extracellular bacteria. Cells infected with M. tuberculosis H37Rv or M. avium were cultured for 1 week, while cells infected with M. paratuberculosis were cultured for 14 days. At specified time points after mycobacterial infection (days 1, 4, and 7 for M. tuberculosis H37Rv and M. avium and days 1, 7, and 14 for M. paratuberculosis), supernatants were harvested from at least three parallel wells for each donor, sterile filtered, and stored at Ϫ80°C for later p24 enzyme-linked immunosorbent assay (ELISA) and cytokine analysis. The remaining adherent control and infected MDM were lysed in autoclaved water, and lysate aliquots were stored in cryotubes containing 250 l of acid-washed glass beads Յ106 m in size (SigmaAldrich, Norway) at Ϫ80°C for later DNA extraction and use in quantitative real-time PCR (qPCR). Appropriate dilutions of the same lysates from mycobacterium-infected MDM were also seeded onto OADC-enriched Middlebrook 7H10 agar plates. For M. paratuberculosis growth determination, the agar plates were additionally enriched with Ferric Mycobactin J (Allied Monitor Inc., Fayette, MO). The CFU of M. tuberculosis H37Rv and M. avium were counted after 3 to 4 weeks, while the CFU of M. paratuberculosis were counted after 6 to 8 weeks.
DNA extraction from cultured cells for qPCR. Mycobacteria were inactivated by boiling the cryotubes containing lysate and glass microbeads in a water bath for 20 min. Subsequently, the mycobacteria were mechanically disrupted by bead beating using a Ribolyser (Hybaid, United Kingdom) at maximum speed (6.5 m/s) for 45 s and the resulting crude extract containing both mycobacterial and human DNAs was used directly in the qPCR assay without further purification.
Quantification of bacilli and viable human macrophages by qPCR for the mycobacterial heat shock protein 65 gene GroEL2 and the human ␤-globulin gene. Mycobacterial bacilli and human cells were enumerated by an in-house duplex qPCR for the mycobacterial heat shock protein 65 gene GroEL2 and the human ␤-globulin gene using the QuantiTect Multiplex PCR kit (catalog no. 204543; Qiagen, West Sussex, United Kingdom) in accordance with the manufacturer's instructions for TaqMan Probes with final concentrations of all primers and probes of 0.4 and 0.2 M, respectively. A 150-bp-long segment of the human ␤-globulin gene was amplified using primers BG-F (5Ј-TGCCTATCAGAAAG TGGTGGCT-3Ј) and BG-R (5Ј-GCTCAAGGCCCTTCATAATATCC-3Ј) and the BG-TAQ probe (5Ј-TGGCTAATGCCCTGGCCCACAA-3Ј) as previously described (8) . However, due to the need for multiplexing and optimal performance, a TaqMan-MGB probe tagged with 6-carboxyfluorescein (FAM) was used instead of the FAM-and 6-carboxytetramethylrhodamine-tagged TaqMan probe originally described (8) . A 103-bp-long segment of the mycobacterial GroEL2 gene was amplified using primers MycoFP1 (5Ј-CGAGGCGATGGAC AAGGT-3Ј) and TB 12 (5Ј-CTTGTCGAACCGCATACCCT-3Ј) with the VICtagged TaqMan-MGB probe MycoPr1 (5Ј-AACGAGGGCGTCATCACCGTC G-3Ј) as described by us earlier (1). The duplex qPCR was performed with a 7500 Fast-Real-Time System (Applied Biosystems, Foster City, CA) under the following thermal cycling conditions: 95°C for 15 min to activate Hot Start Taq DNA polymerase, followed by 40 cycles of 94°C for 1 min and 60°C for 1 min. Standard curves were included in each qPCR run and were generated from known dilutions of commercially available human male genomic DNA (Applied Biosystems) and M. tuberculosis H37Rv genomic DNA available through the TB Vaccine Testing and Research Materials Contract (Mycobacteria Research Laboratories, Colorado State University, Fort Collins).The amount of DNA in each human or mycobacterial DNA standard was converted to the number of human or mycobacterial targets by simply dividing by the estimated molecular mass of the haploid human genome (3.3 pg) or mycobacterial genome (4.8 fg), as each amplicon is a single-copy element in the respective genome.
These data were used to calculate the number of bacilli (1:1 ratio of bacterial cells per genome) and macrophages (1:2 ratio of human cells per haploid genome) per well. The number of macrophages thus obtained represents the total number of adherent cells in a given well that were not lost during harvesting. This was used as a measure of viable cells since dead macrophages detach, as previously shown by DesJardin et al. (7) and are lost upon washing.
Cytokine detection in MDM culture supernatants. Due to cost restraints, it was not possible to run cytokine assays on all of the biological replicates collected from a donor for a given time point and treatment group. Therefore, based on the macrophage viability data, the replicate well closest to the cluster mean of each donor from each time point and treatment group was selected as representative and the culture medium was used for cytokine profile analyses. The amounts of secreted granulocyte-macrophage colony-stimulating factor (GM-CSF), gamma interferon (IFN-␥), interleukin-1␤ (IL-1␤), IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, and tumor necrosis factor alpha (TNF-␣) were determined using the human cytokine 10-plex antibody bead kit (LHC0001; Invitrogen) according to the instructions of the manufacturer. Data were acquired on a Luminex 100 System.
Detection of HIV-1 p24 protein. The HIV-1 p24 protein was used as a marker of productive infection and to estimate viral replication. The amount of HIV-1 p24 in supernatants from HIV-1-infected wells was determined by ELISA with the Vironostika HIV-1 Antigen kit (bioMérieux, France). The assay was performed according to the manufacturer's instructions.
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Effect of HIV-1 Tat protein on bacterial growth. High-performance liquid chromatography purified recombinant HIV-1 His-tagged Tat protein was kindly provided by Dag Helland, Department of Molecular Biology, University of Bergen, Bergen, Norway. To study the effects of the HIV-1 Tat protein on the growth of M. tuberculosis and M. avium, half of the bacterial inocula were incubated with HIV-1 Tat protein at a concentration of 1 g/ml and incubated for 30 min at room temperature. Subsequently, macrophages were infected overnight as described above before being washed three times with PBS to remove any extracellular bacteria and viral Tat protein. MDM from five different donors were infected on day 7 postisolation, and mycobacterial growth induced by bacterial inocula exposed to Tat protein was compared to growth induced by inocula not exposed to Tat protein. Mycobacterial growth was determined by qPCR on days 1, 4, and 7 after mycobacterial infection.
Statistical analysis. For statistical analysis, the statistical software packages SPSS version 15.0 (SPSS Inc., Chicago, IL) and R version 2.7.1 (The R Foundation for Statistical Computing, Vienna, Austria) were used. As replicate wells with macrophages from each donor were subjected to four treatments (uninfected control, mycobacterial infection, mycobacterial and HIV-1 coinfection, and HIV-1 infection) and data were collected longitudinally, a linear mixedeffect model (LMM) was fitted to log-transformed data using the Nonlinear and Linear Mixed-Effects (nlme) package for R (26), allowing for clustering at the level of donor and interactions of mycobacterial and HIV-1 infection with each other and with time. A P value of Ͻ0.05 was considered significant.
It is possible to perform a priori sample size calculation for LMM by simulations, but then a priori estimates for standard deviations both for repeat measurements within a donor and for measurements between different donors are needed; such information was not available at the planning stage. However, to justify the number of donors used in each subset of experiments, an a priori sample size calculation was based on a paired t test, assuming (i) a 2-fold difference in the mycobacterial CFU count between the singly infected and coinfected groups to be biologically relevant, (ii) pairing correlation set at 0.5, and (iii) the standard deviation of the log CFU count in each group estimated from a previous publication to be 0.3 (30) . Under these conditions, the minimum number of donors required in each subset for attaining a power of 80% is four. Thus, a sample size of five donors for each subset of experiments with multiple repeat measurements will most likely have a power of no less than 80% using the LMM procedure, which better utilizes all of the available information in the data than the simpler paired t test does.
RESULTS
M. tuberculosis/HIV-1 coinfection decreases macrophage viability synergistically, while M. avium/HIV-1 coinfection causes an additive reduction and M. paratuberculosis/HIV-1 coinfection has no deleterious effect on macrophage viability. As shown in Fig. 1A , the number of viable macrophages from five separate donors declined gradually in all singly infected or M. tuberculosis/HIV-1 doubly infected cultures during the 7-day period compared to that in uninfected controls. Overall, there was a statistically significant interaction between M. tuberculosis infection and time (P ϭ 0.002), indicating that M. tuberculosis infection by itself caused an accelerated decline in macrophage viability over time, irrespective of HIV-1 infection. However, as summarized in Table 1 , on day 7 after M. tuberculosis infection, there was a statistically significant interaction in M. tuberculosis and HIV-1-coinfected cell cultures, showing a considerable synergistic effect of the pathogens which further reduced macrophage viability by a factor of 2.3 (95% confidence interval [CI], 1.1 to 4.6; P ϭ 0.02). Although statistical significance was not reached on day 4 after M. tuberculosis infection, there was a similar synergistic trend of an aggravated decline in macrophage viability by a factor of 1.7 (95% CI, 0.8 to 3.4; P ϭ 0.14).
Similarly, as illustrated in Fig. 1B , there was a decline in the number of viable cells over the 7-day culture period in M. avium/HIV-coinfected cultures compared to that in uninfected controls. However, the reduction in macrophage viability was (Table 1) and not synergistic, as seen for the M. tuberculosis/HIV-1 coinfection. In contrast to both M. tuberculosis and M. avium, the less virulent species M. paratuberculosis did not affect macrophage viability compared to that of uninfected controls during the 14-day culture period, as shown in Fig. 1C . Also distinct from the other double infections tested, the viability of macrophages remained unaffected in M. paratuberculosis/HIV-1-coinfected cultures at day 7 after M. paratuberculosis infection (Table 1) . Although M. paratuberculosis was cultured for a longer time period in macrophages due to its very low replication rate, the overall trend remained similar at day 14.
Greater mycobacterial burden in HIV-1-infected macrophages. As illustrated in Fig. 2 , a greater mycobacterial load, determined by both CFU counting and qPCR, was observed in HIV-1-infected macrophages for all three mycobacterial species tested. At the experimental endpoint, the HIV-1-induced relative increase in the number of mycobacteria was greatest for M. tuberculosis, closely followed by M. avium, but only modestly greater for M. paratuberculosis compared to the respective mycobacterial burdens in non-HIV-1-infected macrophage cultures. For M. tuberculosis, the observed relative increase at the endpoint was 8.0-fold (95% CI, 3.6-to 17.4-fold; P Ͻ 0.0001) as measured by qPCR and 3.2-fold (95% CI, 1.4-to 7.1-fold; P ϭ 0.006) as measured by CFU counting. The relative increases determined by qPCR and CFU counting were 3.8-fold (95% CI, 2.0-to 7.2-fold; P Ͻ 0.001) and 4.0-fold (95% CI, 2.1-to 7.8-fold; P Ͻ 0.0001) for M. avium and 2.0-fold (95% CI, 1.2-to 3.3-fold; P ϭ 0.007) and 1.9-fold (95% CI, 1.1-to 3.2-fold; P ϭ 0.02) for M. paratuberculosis, respectively.
HIV-1 infection of macrophages induced an increase in the initial number of cell-associated M. paratuberculosis and M. avium, but not M. tuberculosis, bacilli. The initial number of cell-associated mycobacteria was determined on day 1 after overnight incubation (16 h) by both CFU counting and qPCR. As all of the mycobacterial species in this study have slow growth kinetics, the contribution of any mycobacterial growth during the overnight incubation was regarded as negligible.
Notably, as shown in Fig. 2 , HIV-1 infection of macrophages enhanced the initial number of cell-associated M. paratuberculosis bacilli the most. Measured by CFU counting, a 2.7-fold increase (95% CI, 1.6-to 4.6-fold; P Ͻ 0.001) was observed and a similar increase of 2.4-fold (95% CI, 1.5-to 3.8-fold; P Ͻ 0.001) was verified by qPCR. For M. avium, HIV-1 infection of macrophages augmented the initial number of cell-associated bacilli 1.9-fold (95% CI, 1.1-to 3.7-fold; P ϭ 0.038) as determined by CFU counting. This trend was confirmed by qPCR with an increase of 1.6-fold (95% CI, 0.8-to 3.0-fold; P ϭ 0.15) without reaching statistical significance. In contrast, no HIV-1-induced initial enhancement of macrophage-associated bacilli was found for M. tuberculosis. Rather, a small and not statistically significant 0.9-fold (95% CI, 0.5-to 2.6-fold; P ϭ 0.75) reduction was observed by CFU counting. Similarly a statistically not significant decrease of 0.7-fold (95% CI, 0.3-to 1.6-fold; P ϭ 0.40) was measured by qPCR.
This may indicate a difference in phagocytosis between the HIV-1-infected and uninfected macrophages for M. paratuberculosis and M. avium, but the long incubation period of 16 h makes the observation uncertain, as differences in the level of intracellular killing of mycobacteria between the singly infected and HIV-1-coinfected cultures may also be a possible explanation.
HIV-1 induces accelerated growth of M. tuberculosis but not of M. avium or M. paratuberculosis. Utilizing the same raw data as in Fig. 2, Fig. 3 depicts the paired growth curves of all three mycobacterial species in macrophage cultures with or without HIV-1 coinfection. However, the statistical analysis in Fig. 3 is distinct from that presented in Fig. 2. While Fig. 2 compares the mycobacterial burdens at each discrete time point, the analysis presented in Fig. 3 evaluates the effect of HIV-1 on the growth rates of the different mycobacteria, i.e., the effect of HIV-1 interacting with time. As shown in Fig. 3 , no significant contribution to mycobacterial growth is attributable to the interaction of HIV-1 with time for M. avium or M. paratuberculosis and all P values are above the significance level of 0.05, irrespective of whether growth was determined by qPCR or CFU counting. In contrast, for M. tuberculosis, an interaction of HIV-1 with time does occur which accelerates growth as measured by qPCR (P Ͻ 0.001) and is visually reflected in the steeper gradient of the mycobacterial growth curve in doubly infected cultures. The interaction for the entire culture period is marginally insignificant when growth is measured by CFU counting (P ϭ 0.09). To further illustrate the impact of HIV-1 infection on growth kinetics, the mean generation times of M. tuberculosis and M. avium (Table 2) were estimated by assuming a simple first-order bacterial growth model (17) . As shown The data for the HIV-1 infection only group may be pooled for all donors from data sets A, B, and C, totaling 15 donors, as this is common to all donors, irrespective of mycobacterial infection, and give a reduction of 2.0-fold (95% CI, 1.5-to 2.8-fold; P Ͻ 0.0001).
in Table 2 and as expected from the overall P values in Fig. 3 , the mean generation time of M. tuberculosis from day 1 to day 7 determined by qPCR is statistically significantly different in HIV-1-coinfected cultures from that in non-HIV-1-infected cultures and the data show nonoverlapping 95% CIs. Notably, the 95% CIs for the corresponding overall generation times determined by CFU counting overlap marginally, as expected.
Also of note in Table 2 , although HIV-1 seems to induce a with M. avium and M. paratuberculosis had no effect on HIV-1 replication (data not shown).
Increased proinflammatory cytokines in HIV-1/M. tuberculosis-coinfected cultures. HIV/AIDS patients are known to have a chronically activated immune system, and coinfections with mycobacteria may induce macrophages to produce proinflammatory cytokines (19, 31) . Hence, culture supernatants from one representative biological sample for each time point and treatment group from each donor (see Materials and Methods for selection criteria) were analyzed for macrophageassociated proinflammatory cytokines (GM-CSF, IL-1␤, IL-6, IL-8, and TNF-␣). Additionally, as we employed classical plastic adherence for MDM generation (a method which is prone to some contamination by T cells), we also examined cytokines typical of T-helper 1/T-helper 2 responses (IL-2, IL-4, IL-5, IL-10, and IFN-␥). Since T-cell-derived cytokines have profound effects on the phenotype of macrophages and their ability to control mycobacterial growth, it is important to control for this when interpreting the data and acknowledge the influence of any contaminating T cells. All of the measured Thelper 1/T-helper 2 cytokines were below the level of detection or borderline in our macrophage cultures, which confirmed the light microscopic examination finding that the cultures consisted of macrophages only. Four of the proinflammatory cytokines were detected (IL-6, IL-8, IL-1␤, and GM-CSF), and the results are summarized in Fig. 5 . Figure 5A shows that HIV-1/M. tuberculosis-coinfected cultures displayed statistically significantly increased levels of IL-6, IL-8, IL-1␤, and GM-CSF compared to those in only M. tuberculosis-infected cultures over the 7-day time period. Compared to that in the M. tuberculosis-infected cultures, the mean fluorescence intensity (MFI) per 1,000 macrophages in the coinfected cultures, measured 7 days after bacterial infection, increased 6.5-fold for IL-8 (95% CI, 2.3-to 18.5-fold; P Ͻ 0.001), 20.1-fold for IL-6 (95% CI, 3.1-to 129.0-fold; P ϭ 0.002), 11.3-fold for IL-1␤ (95% CI, 3.3-to 38.5-fold; P Ͻ 0.001), and 18.7-fold for GM-CSF (95% CI, 4.6-to 76.4-fold; P Ͻ 0.001). A similar tendency of increased cytokine levels was noted in HIV-1/M. aviumcoinfected cultures (Fig. 5B ), but at day 7, statistical significance was reached only for GM-CSF with a 3.4-fold (95% CI, 1.1-to 10.2-fold; P ϭ 0.03) increase in MFI per 1,000 macrophages. No difference was found between HIV-1/M. paratuberculosis-coinfected cultures and M. paratuberculosis-infected cultures at day 14.
HIV-1 Tat protein had no effect on macrophage viability or the growth of M. tuberculosis and M. avium. In a previous study, it was shown that the HIV-1 Tat protein specifically binds to the surface of M. avium and enhances intracellular mycobacterial growth (5). We therefore wanted to examine the effect of purified HIV-1 Tat protein on macrophage viability and the growth of M. tuberculosis and M. avium. Growth was determined by qPCR. We found no significant effect of HIV-1 Tat protein on macrophage viability or the growth of M. tuberculosis or M. avium (data not shown).
DISCUSSION
In the present study, we found that HIV-1 and M. tuberculosis interact in macrophage cultures to synergistically reduce macrophage viability, to reciprocally enhance the ability of the pathogens to replicate, and to induce increased levels of proinflammatory cytokines. Furthermore, in HIV-1-infected macrophage cultures, subsequent coinfection with M. avium or M. paratuberculosis results in a greater mycobacterial burden. The mechanism underlying this increased mycobacterial burden seems to be distinct for the species examined, as we found that HIV-1 induces accelerated growth of M. tuberculosis, whereas the growth kinetics of M. avium and M. paratuberculosis remained unchanged. Also, in contrast to the situation seen for M. tuberculosis, for M. avium and M. paratuberculosis, HIV-1 coinfection induced no or only marginal increases in the levels of proinflammatory cytokines.
Macrophages play an important role in the pathogenesis of both M. tuberculosis infection and HIV-1 infection. Not only are they key innate immune cells responsible for sensing and initiating appropriate immune responses, but they also function as a reservoir for the intracellular replication of both pathogens. There is considerable evidence supporting the notion that HIV-1 infection of monocytes/macrophages impairs innate immune responses to bacterial infections (reviewed in reference 25). Thus, it is tempting to suggest that the basis for the increased susceptibility of HIV ϩ patients to mycobacterial infections may at least partly be linked to dysfunction of the antimicrobial activities of their macrophages. Our data support such a view, especially for M. tuberculosis. However, there are several conflicting publications related to the effects of HIV-1 on the ability of macrophages to control mycobacterial infection. Some studies indicate that HIV-1 has no effect (6, 15, 21), whereas other reports, in agreement with our findings, show that HIV-1 infection of macrophages enhances mycobacterial growth (4, 10, 13, 14, 24) . A direct comparison of these studies is difficult, as the experimental conditions and the sources of the macrophages used differ. Hence, the possibility that the different experimental setups may partly explain the conflicting results cannot be excluded. However, some general considerations as to why there are differing findings in the literature should be taken into account. First, one needs to appreciate that, biologically, macrophages consist of a heterogeneous population of cells with tissue-specific phenotypes coupled with a dynamic activation spectrum depending on the local cytokine/chemokine milieu (reviewed in reference 22). Many studies, including this one, have used monocyte-derived macrophages, which are classically activated by adherence to plastic, while others, like the study by Denis and Ghadirian (6), used alveolar macrophages. Hence, discordant results may arise simply because the macrophage phenotypes differ in vitro. Second, we studied mycobacterial growth over time with measurements at several time points. This is important, as measuring mycobacterial growth at only one time point may give misleading conclusions if the time allowed for growth is too short. Since the mean generation time of mycobacteria is relatively long and in our experience there is also an initial lag phase with especially slow growth when thawed mycobacterial stocks are used for inoculation, appropriate time needs to be allowed for adequate growth to occur in order for differences to be detectable. Thus, had we also done our measurements only at day 4 postinfection, as in the study by Kalsdorf et al. (15) , we would have also found no difference between the M. tuberculosis-and M. tuberculosis/HIV-1-infected cultures. Third, some studies, like that of Meylan et al. (21) , have concluded that HIV does not enhance mycobacterial growth. However, the statistical power of such a conclusion is questionable since the experiments were conducted with macrophages from only three donors. Nonetheless, clinically it is well established that there is an unfortunate synergism between HIV-1 and M. tuberculosis already at an early time point in coinfected patients prior to the collapse of adaptive immunity and that these patients experience greater morbidity and mortality. Our findings of a reciprocal enhancement of replication of both M. tuberculosis and HIV-1 in coinfected macrophage cultures are in line with this and may, in part, explain the cellular basis for the accelerated pathology seen in coinfected patients.
Subsequent to phagocytosis of pathogens, macrophages typically express membrane markers of activation and secrete proinflammatory cytokines and chemokines. Normally, these cytokines and chemokines act in vivo to control microbial dissemination by recruiting peripheral blood lymphocytes and monocytes to the site of inflammation and thereby help to initiate an appropriate immune response. However, several studies have shown that, in the context of M. tuberculosis/ HIV-1 coinfection, these proinflammatory signals may be dysregulated and strongly enhance viral and/or mycobacterial replication (9, 19, 20, 32) . Our findings of increased HIV-1 replication and simultaneously elevated levels of IL-6, IL-8, IL-1␤, and GM-CSF in M. tuberculosis-coinfected cultures are consistent with these reports and imply a correlation between increased proinflammatory cytokines/chemokines and enhanced transcriptional activation of HIV-1 in macrophages. Interestingly, the long terminal repeats (LTR) of the integrated proviral HIV-1 DNA have binding sites for transcriptional factors like NF-B, NF-IL-6, and C/EBP, which are also commonly present in the genes of several proinflammatory cytokines and chemokines (reference 12 and references therein). Several studies have linked increased HIV-1 replication in macrophages to the induction of these transcription factors and shown a correlation to simultaneous increases in proinflammatory cytokines and chemokines (reference 12 and references therein). M. tuberculosis has also been shown to be specifically able to activate the LTR of HIV-1 and enhance viral replication (16) . Notably, there was no increase in these cytokines/chemokines in cultures coinfected with either M. avium or M. paratuberculosis relative to those in cultures infected with HIV-1 alone. Also, correspondingly, there was no increase in viral replication in these doubly infected cultures.
HIV-1 induced accelerated growth of M. tuberculosis and reduced its mean generation time in coinfected macrophage cultures. To our knowledge, this has not been demonstrated previously, although increased growth of M. tuberculosis in HIV-1-infected macrophage cultures has been shown (13) . Previous studies on M. tuberculosis H37Rv growth in macrophages without HIV-1 coinfection have shown mean generation times similar to our findings (3). It has also been shown that treatment of macrophages with glucocorticoid steroids may accelerate the growth of M. tuberculosis (29) . Hence, it is biologically conceivable that immunosuppression at the cellular level may accelerate the growth kinetics of M. tuberculosis in macrophages.
In conclusion, this study presents data demonstrating that coinfection of macrophages with HIV-1 and mycobacteria may give rise to an increased cellular bacterial burden. Coinfection with HIV-1 and M. tuberculosis is especially detrimental to the host cell, and the microorganisms mutually enhance each other's replication. The synergism at the cellular level between HIV-1 and M. tuberculosis seems to be specific and not shared by other mycobacterial species like M. avium or M. paratuberculosis. In an attempt to explore the mechanism of this synergism, the effects of the viral Tat protein were investigated but the results of these experiments were inconclusive. Interestingly, our overall findings mirror the ability of these mycobacteria to cause clinical disease in HIV ϩ patients. Still, additional studies are needed to further elucidate the complex interactions between HIV-1 and mycobacteria.
